The position of the low salinity zone in the San Francisco Bay Delta given its correlation with the abundance of several estuarine species is used for water management in a system that supplies water to more than 20 million people and contains one of the most diverse ecosystems on the Pacific coast. This work consolidates legacy and modern salinity data to develop a reasonably complete daily record spanning nine decades. The position of the low salinity zone, which is effectively characterized by an empirical model that was developed to support data cleaning and filling, reveals statistically significant trends consistent with increasing water demands and introduction of upstream reservoirs, e.g., increasing salinity trends in wet months and decreasing salinity trends in dry months. Reservoir effects are particularly apparent in drier years, with greater seasonal variability in the early part of the record before major reservoirs operated in the watershed. These data provide a basis for further analysis of how and why the position of the estuary's low salinity zone has changed over time.
Introduction
Freshwater inflows have a direct influence on the salinity structure in estuaries. In the San Francisco Bay, the salinity structure has been related to the health of estuarine species in the Suisun Bay and the western Delta (Fig. 1) . In particular, the location or position of two parts per thousand (ppt) bottom salinity hereafter referred to as X2 has been correlated with the abundance of several species (Jassby et al. 1995) . Using data collected over different time periods, the low salinity zone in general and the X2 position in particular have been associated with the greatest abundance of pelagic organ isms, including the protected longfin smelt (Spirinchus thaleichthys) (Jassby et al. 1995) and the Delta smelt (Hypomesus transpacificus) (Feyrer et al. 2011) . The X2 position has also been associated with the abundance of undesirable species such as the invasive Asian clam (Corbula amurensis). The relationship between the low salinity zone and the responses of individual species are a topic of continued research interest (Feyrer et al. 2007 (Feyrer et al. , 2011 Kimmerer et al. 2009; Moyle et al. 2010) , and the broader science underlying the driving mechanisms between water quality, habitat quality, and species abundance continues to evolve (Reed et al. 2014) .
The position of the X2 isohaline (defined as the distance from Golden Gate in kilometers, Fig. 1 ) during the months of February through June is currently used as the basis of flow management in San Francisco Bay (CSWRCB 1999) . Estuarine flows can be man aged through upstream reservoir releases and exports of water from the Delta. The recent biological opinion on Delta smelt (USFWS 2008) regulates X2 position in fall months (September through November) following wet and above normal water years. Much of the published literature on X2 and its relationship to various bio logical indicators is based on data collected over limited periods, typically spanning the mid 1960s to the present.
Although X2 is defined in terms of bottom salinity, much of the published analysis is based on surface salinity measurements, in cluding the seminal work on X2 (Jassby et al. 1995) . Use of surface salinity as a surrogate for bottom salinity is largely motivated by the abundance of surface salinity measurements throughout the estuary, due in part to historical precedent and to the operational challenges of maintaining salinity sensors at depth. However, the estuary is known to be vertically stratified, with increasing stratification at greater river flows (Monismith et al. 2002) . Stratification has been addressed by using a constant factor to relate the bottom salinity to surface salinity, i.e., two ppt bottom salinity is assumed to corre spond to 1.76 ppt surface salinity (Jassby et al. 1995) . Current reg ulations assume two ppt bottom salinity corresponds to 2.64 mS=cm surface specific conductance (CSWRCB 1999) .
Given the importance of the low salinity zone for estuarine spe cies, and of X2 in the management of water in the estuary, the present analysis builds on past work by extending the readily avail able surface salinity data. The earliest salinity data incorporated in this work are based on technical reports published by the California Department of Public Works (CDPW) and its successor agency, the Department of Water Resources (CDWR), beginning in the 1920s. This work also extends previously published salinity trend evaluations in the Bay Delta, which have focused on more limited time periods or on station specific salinity rather than isohaline position (Fox et al. 1991; Shellenbarger and Schoellhamer 2011; Enright and Culberson 2009; Moyle et al. 2010) . Although the data used here do not represent predevelopment conditions such as those obtained through analysis of paleoclimatic signals (Stahle et al. 2001) , they do represent a wide range of hydrologic conditions and watershed development activities, including reser voir construction, water exports, and land use changes (Fox et al. 1990 ).
The major objectives of this work were to (1) develop a cleaned database for salinity across Suisun Bay and the western Delta for the longest observational record possible and compute isohaline positions at each point in time, (2) develop and calibrate an em pirical salinity model that could be used for additional diagnostic evaluation of the data, and (3) evaluate changes in the isohaline position over the 91 year period of record from water year 1922 to 2012. Water years in California begin on October 1 of the pre ceding calendar year. By extending the starting point from the mid 1960s to the early 1920s, the readily available data set now incorporates a period of record prior to the construction of major water storage and diversion projects (completed between 1944 and 1967 ) and a period of severe drought that occurred between 1928 and 1934.
Not surprising given the extensive period of record, the data compiled in this work are not noise free and error free, arising in part from variations in sampling and analytical methodology. A significant effort was expended to clean the data to remove val ues that appeared to be inconsistent with other values. These data were then used to develop daily salinity estimates at each station, and gaps were filled through interpolation and comparison with neighboring stations. The empirical salinity model, based on a formulation accounting only for flow inputs, was calibrated using these cleaned data. Finally, statistical analyses were performed on the individual station salinity and interpolated isohaline posi tions to detect changes over time and across different water year classes.
Methods

Salinity Data Sources and Cleaning
The data incorporated in this work include historical grab sample data and modern conductivity sensor data. The historical grab sample data record, hereafter referred to as the Bulletin 23 data record, is based on legacy reports spanning the period October 1921 to June 1971 (CDWR 2015b), and also summarized in Roy et al. (2014) . Scanned paper copies of these reports were used to develop an electronic database of salinity throughout the Delta and portions of San Francisco Bay. An important salinity data set that predates the Bulletin 23 data (but was not employed in this study) is based on records by the California Hawaiian Sugar Refining Corporation (C&H). C&H, which obtained most of its fresh water supply in the early twentieth century by transporting water to its refinery in Crockett, maintained a record on the distance its barges traveled to obtain fresh water (typically less than 50 mg=l chloride) and the quality of water obtained (CDWR 2015b; Lund et al. 2007) . Although the C&H records are of great historical in terest and demonstrate the seasonal variability in the salinity field prior to extensive upstream development, the nominal isohaline position of 50 mg=L chloride was not reported with commensurate tidal cycle information and was too low (i.e., too fresh) to accu rately characterize the general salinity gradient.
Modern databases were queried from several sources to supple ment the Bulletin 23 data, including: (1) the California Data Exchange Center (CDEC 2013), (2) the interagency ecological pro gram, and (3) U.S. EPA's STOrage and RETrieval (STORET). These modern data, hereafter referred to collectively as CDEC data, were further supplemented by U.S. Geological Survey data (USGS 2013) to represent high outflow periods when the low salinity zone extended far downstream into the San Francisco Bay. The Fig. 1 . Key salinity stations are identified in Suisun Bay and the western Delta; salinity data from these and other locations were used to develop a long term record of X2, the position of two parts per thousand bottom salinity in the estuary; the X2 position is reported as the distance in kilometers from Golden Gate along the axis of the estuary, following the original definition of the term (Jassby et al. 1995) ; the Sacramento and San Joaquin River branches are identified on the map combined data gathering effort resulted in a master database con taining salinity records from October 1921 to September 2012, i.e., water years 1922 2012. The locations of key salinity stations used in this analysis are shown in Fig. 1 . Additional information on data sources, stations, and time periods are provided in the "Sup plemental Data" section, Tables S1 S3.
The raw data contained errors associated in part with variations in sampling and analytical methodology. The Bulletin 23 data report salinity as chloride concentrations. The CDEC data report salinity as specific conductance, or electrical conductivity (EC) standardized to 25°C. All data were converted to specific conduct ance in units of milliSiemens (mS=cm) using regression relation ships developed from colocated chloride and specific conductance data in the estuary (Denton 2015) .
The CDEC data are collected by continuous EC sensors that report every 15 min, and daily averages were computed directly using these subdaily values. Given that the original subdaily data were frequently unavailable, averages were computed over 24 h rather than a tidal day (25 h). Monismith et al. (2002) reported that the errors associated with this approximation were very slight. The Bulletin 23 data were collected nominally every four days at higher high tide or low high tide. Because estuarine salinity can vary sig nificantly over the course of a day, these grab sample data were converted to approximately equivalent daily averages using simu lation output from a hydrodynamic and water quality transport model, Delta Simulation Model version 2 (DSM2), a linked node model that is widely used for studying Delta flow, stage, and water quality (CDWR 2015a). This tidal correction was successfully va lidated by comparing the resulting daily average estimates with co occurring CDEC data (Roy et al. 2014 ). Enright and Culberson (2009) , when confronted with the same problem, tidally corrected Bulletin 23 grab sample chloride data through linear correlations with co occurring CDEC specific conductance data to produce long term salinity time series records for three stations in the estuary.
Additional data cleaning and filling was performed by comparing daily average specific conductance at pairs of stations and assuming that under conditions of moderately high salinity reflecting strong ocean influence, salinity decreases monotonically downstream to up stream. When data at a pair of stations are inconsistent with this behavior, i.e., an eastern (upstream) station has a higher salinity than a western (downstream) station, a procedure was required to deter mine which of the two salinity values was erroneous, acknowledging there is no a priori way to make this determination. To perform the data cleaning step, data were correlated with nearby station data using least squares regressions. Measured values that differed greatly (by more than four standard errors) or too frequently (by more than two standard errors multiple times) from regression predictions were removed from the data set. This step is considered an approximate way to remove potentially erroneous values from the data set, and it is possible that some true data values are excluded in the process. However, because this analysis is not focused on the behavior of extreme values, this approach is unlikely to affect the conclusions.
The method used to calculate isohaline position, discussed in the next section, requires a reasonably complete salinity record. Missing values were filled based on the salinity data of nearby sta tions using the correlations discussed in the previous paragraph. Filling missing downstream station values from upstream station data was found to be particularly challenging when upstream con ditions were fresh, as downstream salinity can vary across orders of magnitude for the same low (or fresh) upstream salinity. After this step was completed, any remaining short gaps (up to eight days) were filled through linear interpolation. When there was an overlap of the Bulletin 23 and CDEC data (i.e., the 1964 to 1971 period), the latter were used in preference.
Isohaline Calculations
Isohaline position was calculated through interpolation of the cleaned and filled salinity record. Theoretically, different interpo lation approaches may be used to calculate X2 position. The lon gitudinal salinity gradient changes with flow and with distance along the estuary (among other factors); thus the estimated isoha line position is somewhat dependent on the interpolation approach and stations used. The daily X2 position was estimated assuming a log linear relationship between surface salinity and distance, inter polating across two stations that bound a specific conductance of 2.64 mS=cm (which under current regulations is assumed to cor respond to a bottom salinity of 2 ppt). In a limited number of cases a weighting approach over additional stations was used if the data exhibited nonmonotonic behavior near a salinity value of interest. If the bounding stations were further apart than 25 km on any given day, the X2 position was not estimated because of uncertainty about interpolation accuracy. This condition resulted in X2 position not being estimated for 3.2% of the days over the study period that had one or more salinity data points. This interpolation method was used to calculate unique isohaline positions along the Sacramento and San Joaquin River branches upstream of their confluence ( Fig. 1) .
Monthly X2 values were estimated from the daily interpolated isohaline values. Monthly X2 position was defined as the mean value of all nonmissing daily X2 values for months where atleast 14 daily values were computed. Using similar methods, additional surface salinity isohalines (e.g., six ppt surface salinity isohaline) were estimated on daily and monthly time steps to more fully char acterize the estuary's low salinity zone. (1993) developed an approach to estimate salinity at fixed locations in the estuary based on a modification of the steady state solution of the tidally averaged advection dispersion equation for salinity transport in a one dimensional estuary. His empirical ap proach utilizes boundary conditions representative of the down stream ocean and upstream riverine environments and a concept called antecedent outflow, representing flow time history in the estuary. The equation can be represented as
Modeling Approach
Denton
where SðtÞ = salinity at a given location; S o and S b = downstream (i.e., ocean) and upstream (i.e., riverine) salinity boundaries, re spectively; α = empirically determined location specific constant (units of flow 1 ); and GðtÞ = measure of the antecedent outflow. Antecedent outflow is defined by the following routing function, similar to one proposed by Harder (1977) :
where Q = Delta outflow; and β = empirically determined constant (units of flow · time). Denton (1993) observed that the term β=G is a time constant governing the rate at which G approaches steady state. These equations can be calibrated to predict site specific salinity.
In reference to an autoregressive empirical model for calculating the X2 position proposed by Jassby et al. (1995) , Monismith et al. (2002) argues on theoretical grounds that power law relationships with flow are preferable over logarithmic relationships and pro posed an autoregressive X2 function of the following form:
where ω 1 , ω 2 , and ω 3 = empirically determined constants. Jassby et al. (1995) observed that the entire mean salinity field can be predicted if the X2 position is known, i.e., the salinity field is self similar and can be predicted as a function of the longitudinal distance from Golden Gate (X) when normalized by X2. Thus, salinity as a function of X=X2 is relatively uniform for a wide range of flows. Following this observation, an integration of the Eulerian modeling approach of Denton (1993) focused on a fixed station and the Lagrangian modeling approach of Monismith et al. (2002) focused on a fixed salinity was performed to develop a tool for diagnostic applications in the salinity data cleaning and filling process. The resulting empirical model, which is capable of esti mating salinity at variable locations and X2 and other isohaline po sitions, is termed the Delta Salinity Gradient (DSG) model. Formulation of the DSG model is described briefly in the remainder of this section. Details on model formulation are provided else where (Hutton 2014) .
The steady state solution to Eq.
(3) can be derived by setting
andQ denote steady state conditions. Substituting antecedent flow GðtÞ for steady state flowQ gives an approximation to the unsteady response of X2 to flow variations if GðtÞ does not vary too rapidly. This substitution of antecedent flow is similar in concept to, and motivated by, Denton's (1993) derivation of the empirical Eq. (1), in which he proposed using the G flow instead ofQ in a steady state analytical solution of salinity transport. Reparametrizing the con stants as Φ 1 ¼ ω 1 =ð1 − ω 3 Þ and Φ 2 ¼ ω 2 gives a new empirical relationship between X2ðtÞ and GðtÞ where Φ 1 and Φ 2 are inde pendently calibrated to X2 from observed data
This empirical formulation, in contrast to those proposed by Jassby et al. (1995) and Monismith et al. (2002) , is capable of es timating X2 during the early period of record when daily (and even monthly) Delta outflows frequently turned negative. Redefining the location specific constant α as a function of X and scaling distance to the X2 isohaline (S ¼ 2.64 mS=cm) results in the following relationship:
and salinity is reported as specific conductance in units of mS=cm. Eq. (5) implicitly assumes that the estuary's salinity structure is self similar under all flow con ditions. However, Monismith et al. (2002) showed that the structure changes under high flow conditions. To address this response to flow, the downstream boundary condition S o is assumed to vary with X2 as a sigmoidal function:
whereŜ = ocean salinity (≈ 53 mS=cm); and γ and δ = empirically determined constants. Eq. (5) can be used to determine salinity at any longitudinal distance from Golden Gate given X2 position and Φ 2 and assuming a reasonable value for S b . If appropriate salinity observations are unavailable, X2 can be estimated from antecedent outflow using Eq. (4). Eq. (5) can be rearranged to predict surface salinity isohaline positions as a function of X2:
Statistical Analyses
Sen's nonparametric estimate of slope (Gilbert 1987 and references therein) was used to perform a trend analysis of the monthly X2 estimates over the entire period of record and two additional inter vals: water years 1922 to 1967 and 1968 to 2012. These intervals were selected to coincide with Enright and Culberson's (2010) pre water project periods and post water project periods. The sig nificance of the breakpoint between periods is that, although the Central Valley and State Water Projects began pumping water from the Delta in 1940 and 1967, respectively, they did not begin year round pumping operations until 1968 when the San Luis Reservoir was completed to store water south of the Delta. The Sen slope is the median of all slopes between all possible unique pairs of indi vidual data points in the time period being analyzed. If there are n time points or periods of time, then there are a total of nðn − 1Þ=2 possible pairs of time points one could use to calculate a slope, and Sen's slope is the median of these values. The method is robust and fairly insensitive to the presence of a small fraction of outliers, non detect, or extreme data values; thus, trend estimates based on Sen slope are not biased by the occurrence of drought in the early part of the record. The Mann Kendall test was performed on the Sen slope at the 95% confidence level (Gilbert 1987 and references therein), with results identified as either an upward trend, a downward trend or no trend. The trend slope was computed using the median value of the Sen slope. Nonzero slopes may or may not be found to be statisti cally significant using the Mann Kendall test. The nonparametric Wilcoxon Rank Sum test was used for the comparison of isohaline values for specific water year classes (i.e., wet, above normal, be low normal, dry, and critically dry). The Mann Kendall test was also performed on monthly average specific conductance values over the entire period of record at five locations. Details of the implementation of the statistical procedures are presented in the "Supplemental Data" section, Appendix S1.
Results
Cleaned and Filled Salinity Data
Summary statistics for the resulting cleaned and filled daily average surface specific conductance data based on the Bulletin 23 grab samples are shown in Table 1 . Although the filling process provides a fairly complete record for key stations downstream of approxi mately 100 km, substantial gaps remain in upstream station records that were used exclusively to characterize extreme drought condi tions in the 1920s and 1930s. Statistics for these salinity stations are not provided in Table 1 . Similar statistics for the CDEC data are presented in Table 2 . The cleaned and filled CDEC data show a more complete record than the Bulletin 23 data across all stations. These data are provided electronically in the Supplemental Data. Given our goal to interpolate X2 position and other isohaline posi tions in the low salinity zone, the available data provide an adequate basis for the calculation.
Interpolated and Model-Predicted X2 Position
Daily and monthly X2 positions were estimated for the period of record using the previously described approach. Daily X2 position was also predicted from the DSG model for the same period fol lowing the succeeding procedure:
• Antecedent outflow was calculated from Eq. (2) A time series of the daily X2 position along the Sacramento River branch is shown in Figs. 2(a d) over the full 91 year period of record. The time series reveals a wide range in daily X2 position from approximately 20 km to greater than 100 km. At the lower extreme, the X2 falls in a broad region of the estuary (San Pablo Bay), where the one dimensional approach may be limiting and there may be significant lateral gradients in salinity. The X2 position is generally more upstream (i.e., higher) in dry and critically dry years, corresponding to sustained periods of low Delta outflow. The trace in Fig. 2(a) , representing a period be fore Shasta Dam and other large upstream reservoirs were con structed, is visually distinct from the remaining time series. X2 values calculated from Eq. (4) are superimposed on the interpolated X2 values for comparison. The DSG model fits the time series rea sonably well, with some exceptions in the pre Shasta period cor responding to extreme salinity incursions during major drought periods that were well beyond the model's calibration range. The generally slow rate of change in the salinity field and the use of an antecedent outflow term appear to justify the steady state approximation under most nonextreme flow conditions. The DSG model predictions show some seasonal bias when compared with interpolated X2 values (Roy et al. 2014 ). This bias is hypothesized to be related to inaccuracies associated with estimating net water use by agriculture in the Delta, particularly during low flow periods when this water use is a significant fraction of the Delta outflow water balance.
The interpolated monthly X2 time series was evaluated by grouping individual values into water year classes. Fig. 3 shows the monthly X2 position for the Sacramento River branch averaged by water year class for the previously defined preproject and post project periods. The difference between preproject X2 and postpro ject X2 is greatest in critically dry years and diminishes with wetter conditions (plot panels from left to right). The postproject period exhibits a dramatically reduced X2 range, relative to the preproject period, during dry and critically dry water years. This reduced range is characterized by higher values in winter and lower values in summer. Water project operations, which typically store runoff in the winter and spring and release storage in summer months to maintain in basin water quality standards, clearly have a strong in fluence on the estuary's intra annual salinity pattern except under wet hydrologic conditions. However, the differences between pre project and postproject conditions shown in Fig. 3 cannot be fully attributed to operations of the central valley and state water proj ects. Intensified upstream agricultural and urban water use and associated water projects for in basin and out of basin water uses, and changes in estuarine geometry, mean sea level and watershed snowmelt patterns have also contributed to changes in salinity pat terns. A similar figure for the San Joaquin River branch is shown in the "Supplemental Data" section, Fig. S1 .
Other Model Predictions
Eqs. (5) and (6) of the DSG model were applied to predict daily specific conductance at Collinsville over the six year drought period Water Years 1928 1934 using a subset of the model predicted X2 time series illustrated in Fig. 2 . Collinsville (X ¼ 81 km) was selected to illustrate the model's predictive capability as this station plays a critical role in X2 management during spring and fall. To conduct the illustrative simulation, the following model constants were assumed: Φ 2 ¼ −0.193; S b ¼ 0.2 mS=cm; γ ¼ 2.29 × 10 4 ; and δ ¼ 1.83. Fig. 4(a) compares the DSG predicted time series with the cleaned and filled specific conductance data. The time series is also compared with predictions from a site specific calibration of Eq. (1) reported by Denton and Sullivan (1993) . The DSG model effectively represents the observed salinity variation at Collinsville over two orders of magnitude, although the extreme event in 1931 is overpredicted. Furthermore, the DSG model provides salinity estimates comparable to those provided by the site specific empirical model.
To further illustrate the utility of the DSG model, Eq. (7) was applied with the same model constants to predict low salinity zone position (bounded by surface salinities of one to six ppt) for water years 1928 1934. Fig. 4(b) compares the DSG predicted time series with the interpolated isohaline data. Again, the data provide a reasonable validation of the DSG model except for the extreme event in 1931.
Isohaline Position Trend Analysis
Statistical analyses were performed on the interpolated X2 values to characterize behavior over time and in response to different hydrologic conditions. Results from the trend analysis are shown in Tables 3 and 4 with the analysis focusing on the Sacramento River branch. Similar analyses for the San Joaquin River branch are shown in the "Supplemental Data" section (Tables S4 and S5) . Key results for the Sacramento River branch are summarized as follows:
• The monthly trend evaluation for the entire period of record (1922 2012) shows statistically significant increases in X2 from November through June. Statistically significant decreases in X2 occur in August and September. • Over the preproject period (1922 1967) , there is no significant change in X2 from January through July and a statistically sig nificant decrease in X2 from August through December. The trend directions are identical for both river branches. • Over the postproject period (1968 2012) , there is a nearly in verse response in trends, with a statistically significant increase in X2 from September through December. Again, the trend directions are identical for both river branches. The nonparametric Wilcoxon Rank Sum test was used for inter period comparison of X2 position by month and water year class. The results of the Wilcoxon Rank Sum test, assuming a 95% con fidence level, are summarized for the Sacramento River branch in Table 4 . In general, postproject X2 positions during dry and criti cally dry water years were statistically significantly higher (i.e., up stream) in December through May and lower (i.e., downstream) in August and September. Although the test shows fewer statistically significant trends under wetter conditions, the trend of lower August and September X2 during the postproject X2 held. These statistical tests add more detail to the visual patterns displayed in Figs. 2 and 3 .
To further evaluate the isohaline trend analysis results, the Mann Kendall test was performed on observed and DSG predicted monthly average specific conductance values over the entire period of record at five locations: Martinez, Port Chicago, Mallard Island Table 5 . Although observed data trends generally matched predicted data trends, the latter are presented to avoid bias that may be introduced by gaps in the observed salinity record. When a trend was detected in both the salinity and X2 time series, the trends are uniformly consistent. When a trend was not detected in the X2 time series, the salinity trends are generally consistent, with exceptions in January (Mallard Island and Collinsville) and March (Mallard Island).
Discussion
Although the underlying data presented in this work were available in different documents or electronic sources, the cleaning of the raw data and integration into a single data set of daily average salinity in San Francisco Bay provides a unique perspective on the changes that have occurred over the past nine decades. This period has seen unprecedented anthropogenic change (e.g., land use, water diver sions, and reservoir construction) and significant hydrologic vari ability, including major floods and multiyear droughts. Additional drivers over the 20th and early 21st centuries include sea level rise and shifts in precipitation, snow accumulation, and runoff patterns. Understanding salinity behavior in this region is of general signifi cance because of the ecological importance of the San Francisco estuary on the Pacific coast and because of the economic signifi cance of the water withdrawals from the Delta that are the single largest source of California's water supply. These data allow direct examination of the salinity responses to historical events and pro vide a basis for (1) relating salinity conditions in the current severe California drought to similar conditions that occurred in the past, and (2) refining existing models and exploring future responses in the combined human hydrologic system, as society adapts to chang ing natural dynamics and environmental requirements (embodied in the new science of sociohydrology, Sivapalan et al. 2012) . Improved understanding of processes affecting the salinity in the western Delta will enhance future management of the upstream , with lines connecting the seasonal medians; in all but wet years, the postproject X2 position tends to be further downstream (i.e., lower) in summer months and further upstream (i.e., higher) in other months; the X2 position in October and November is generally more closely associated with the previous water year; thus, the x axis spans the months December through November reservoirs, withdrawals, and estuarine habitat quality. Key observa tions from the data evaluation follow.
The construction of upstream water storage and increased in basin and out of basin water use has affected the isohaline posi tions in different ways, depending on season and water year class. For example, X2 position exhibits less intraannual variability in the postproject period than it did in the preproject period. Postproject X2 position is typically further upstream (i.e., higher) in wet months (February through May) of dry and critically dry years and further downstream (i.e., lower) in the dry months of August and September. This reduction in dry year variability is a straight forward result of reservoirs being operated to store water in wet periods and to release water during dry periods, thus damping the variation in Delta salinity. At the other hydrologic extreme, 5) and (6)] for a representative station, Collinsville (X ¼ 81 km), following the data cleaning and filling procedures described in the text; predictions from a site specific empirical model (Denton and Sullivan 1993) are provided for comparison; (b) shows a time series of observed and DSG predicted surface isohalines [Eq. (7)] that bound the estuary's low salinity zone (1 6 ppt) in wet years, flows are sufficiently high that reservoir opera tions have less effect on the Delta salinity gradient, resulting in great similarity between preproject and postproject X2 position.
The monthly trend evaluation for the entire period of record shows statistically significant increases in X2 position from November through June and statistically significant decreases in August and September. When the preproject and postproject peri ods are evaluated separately, important differences emerge. The preproject period is characterized by a statistically significant de creasing trend in X2 position from August through December, reflecting project objectives to maintain freshwater conditions in the Delta during the irrigation season and to evacuate reservoir stor age in the fall for winter flood control operations. The postproject period is characterized by a statistically significant increase in X2 position from September through December, reflecting increasing in basin use and Delta exports. These observations make clear the value of utilizing data from the entire period of record to assess changes in the salinity regime of the estuary. Much of the published literature on X2 and its relationship to various biological indicators is based on data collected over limited periods, typically spanning the mid 1960s to the present. Although it is recognized that such analyses are limited by lack of available biological data prior to the 1960s, conclusions drawn from this partial time interval should be evaluated in light of the more comprehensive description of the estuary's salinity regime provided in this paper.
Salinity trends, as measured by specific conductance at fixed locations, are broadly consistent with detected trends in X2 position and the conceptual model of increasing salinity with decreasing freshwater flows and with greater proximity to Golden Gate. How ever, salinity response to flow trends is not uniform along the es tuary. Flow trends in high flow months are more likely to translate into detectable salinity trends at downstream (higher salinity) loca tions, and flow trends in low flow months are more likely to trans late into detectable salinity trends at upstream (lower salinity) locations. For example, detection of statistically significant long term salinity trends was limited to three months at Emmaton [an upstream location (Table 5) ], compared with ten months of statisti cally significant long term X2 trends (interpolated Table 3 , trends for 1922 2012). Antecedent outflows are often sufficiently high that, at upstream locations such as Emmaton, salinity is not sensi tive to modest changes in outflow, i.e., ∂S=∂G is small. The fore going observation demonstrates the limitations of using a single location for evaluating salinity trends in the estuary and argues for the use of a Lagrangian approach, i.e., evaluating isohaline trends derived from multiple stations. The X2 time series reported here integrates the effects of multi ple drivers, some of which act over decades, and thus affirms the importance of considering longer term records in defining base lines or targets for defining environmental goals and assessing changes. The periods and statistical analyses presented here are illustrative, and alternative periods or seasons could be considered to examine the response of the system to specific drivers that have the potential to effect isohaline position in the estuary. The data integration presented through this work serves as a foundation for the continuing analysis of salinity behavior in the San Francisco Bay and Delta, anticipating continued interest in the health of the Delta ecosystem in response to anthropogenic and other stressors. The findings presented in this paper are influenced by the data and the cleaning procedure employed, all of which are made available electronically (refer to the "Supplemental Data" section). Future work will consider alternative modeling approaches and statistical analyses to expand on the evaluation of how and why salinity trends in the San Francisco Bay and the Delta have changed over time.
